The NOAH/DIAMOD program suite was used to automatically assign an experimental 2D NOESY spectrum of the 46 residue protein crambin(S22/I25), using feedback filtering and self-correcting distance geometry (SECODG). Automatically picked NOESY cross peaks were combined with 157 manually assigned peaks to start NOAH/DIAMOD calculations. At each cycle, DIAMOD was used to calculate an ensemble of 40 structures from these NOE distance constraints and random starting structures. The 10 structures with smallest target function values were analyzed by the structure-based filter, NOAH, and a new set of possible assignments was automatically generated based on chemical shifts and distance constraints violations. After 60 iterations and final energy minimization, the 10 structures with smallest target functions converged to 1.48 Å for backbone atoms. Despite several missing chemical shifts, 426 of 613 NOE peaks were unambiguously assigned; 59 peaks were ambiguously assigned. The remaining 128 peaks picked automatically by FELIX are probably primarily noise peaks, with a few real peaks that were not assigned by NOAH due to the incomplete proton chemical shifts list.
INTRODUCTION
The assignment of cross peaks in NOESY spectra is a crucial step in protein structure determination by NMR. As manual interpretation of NMR spectra is time consuming, tedious, and error-prone, advanced iterative approaches have been suggested to automate the assignment of NOESY peaks and 3D-structure calculation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . We have developed the NOAH/DIAMOD program suite (9, 10) based on feedback filtering and self-correcting distance geometry (SECODG) (19 -22) , which performed well in tests for assigning both simulated and experimental protein NOESY spectra and determining 3D structures. On average, more than 80% of NOESY peaks can be assigned within the given chemical shift tolerance and 95-99% of those peaks were correctly assigned. The structures calculated via NOAH/DIAMOD iterations gave pairwise RMSD ranging from 0.8 to 2.0 Å compared with the target structures in the nonloop regions with simulated data sets (9) . Recent application of our approach to experimental 2D and 3D homo-and heteronuclear NOESY spectra of six proteins yielded similar structures to those determined previously from manually assigned cross peaks (10) .
Here we describe the first ab initio application of our automatic method to raw spectral NMR data for crambin(Ser22, Ile25). Crambin, isolated from the seeds of Crambe abysinica, is a 46-residue protein with unusually high solubility in ethanol and organic solvents. This unusual solubility of crambin, as well as its homology to membrane active plant toxins (such as purothionins (23) ), has excited much interest in the structure/ function relationship of crambin. The recent expression of crambin as a fusion protein in Escherichia coli (24) means that many mutants of crambin should soon be available for structural analysis, suggesting an immediate use for a good automated method for data assignment and interpretation.
Crambin isolated from seed is a mixture of two nearly identical proteins. A high-resolution structure of one form (Pro22, Leu25) had been determined by both NMR and X-ray crystallography (25) (26) (27) (28) ; after completion of this work the X-ray structure of the second isomer was published (29) . As we were able to directly compare our structure with high-resolution X-ray structures, this was a useful model to demonstrate the speed and accuracy of the SECODG-based method for interpreting previously unassigned NOESY spectra. The experience showed how useful the approach is, as the time for structure determination could be cut from months to several weeks. Structural analysis and comparison allowed us to fine-tune the approach and suggest changes to allow completely automated assignment and structure calculation.
MATERIALS AND METHODS

Isolation of the Protein and NMR Methodology
A mixture of crambin(Pro-22/Leu-25) and (Ser-22/Ile-25) forms, isolated from seeds of Crambe absynica as previously described (30) , was separated by HPLC using a linear gradient from 20% CH 3 CN/H 2 O (v/v) to 50% CH 3 CN/H 2 O containing 1% trichloroacetic acid. The protein samples were hydrolyzed in 6 N HCl at 100°C for 48 h and the amino acid composition determined by HPLC. The NMR sample of 2.5 mM crambin-(Ser/Ile) form was prepared by dissolving about 8.2 mg purified protein in 0.7 ml of 75% d 6 -acetone/20%H 2 O/5%D 2 O. The protein solution was then transferred to a 5-mm NMR tube. 1D and 2D 1 H NMR spectra were obtained on a Varian VXR-500 or a Varian VXR-600 NMR spectrometer. The 2D TOCSY, NOESY (200 ms mixing time), and DQF-COSY NMR spectra were acquired with 512 complex points in the t 1 dimension and 2048 points in the t 2 dimension using a sweep width of 6500 Hz (500 MHz) or 7000 Hz (600 MHz). Water suppression was obtained by irradiation of the HDO signal. Zero-filling (ϫ2) was applied in the t 1 dimension. The data was processed with an 85°shifted sine-bell function. The final digital resolution was ϳ3.3 Hz/point (500 MHz) or 3.5 Hz/ point (600 MHz) in both dimensions. In a DQF-COSY experiment, zero-filling was also applied to the t 2 dimension to give a final digital resolution of 1.6 Hz/point in the t 2 dimension.
Spin System Assignment
The spin systems of each type of amino acids were manually identified by 2D TOCSY NMR spectra with short (30 ms) and long (120 ms) mixing times. The J-connectivities between backbone NH proton and its C ␣ H, C ␤ H and C ␥ H were readily observed in the 120 ms mixing TOCSY spectrum, permitting assignment of these side chain protons and those of the unique spin systems Phe13, Tyr29, and Tyr44, whose aromatic resonances were located in the region of 6.5-7.6 ppm.
Sequence Specific Assignment
About 80% of the sequential connectivities could be assigned. The two ␣-helices, Ile7-Leu18 and Glu23-Thr30, were determined by their characteristic NH i -NH iϩ1 , NH i -NH iϩ3 , C ␣ H i NH iϩ3 , and C ␤ H i NH iϩ1 NOE connectivities. The antiparallel ␤-sheet formed by Thr1-Cys4 and Cys32-Ile35 was identified by the observation of Thr2H ␣ -Ile35NH, Thr2H ␣ -Ile34H ␣ , Cys4C ␣ H-Cys32C ␣ H, and Cys3C ␤ H-Ile33C ␣ H NOEs. Their slow NH-exchange rates confirmed the presence of both ␣-helix and ␤-sheet structures.
Data Processing
A NOESY spectrum at 200 ms mixing time was processed using the FELIX E-Z 2D transform protocol (20% DC offset, sine square 90°window function, without solvent suppression and baseline correction) and the matrix was rephased several times in both dimensions. The FELIX automatic peak-picking routine "pick all peaks" was used to obtain all peaks at a contour level of 0.03, and the FELIX peak filter functions were used to remove diagonal and unsymmetrical peaks with a uniform tolerance of two data points. Most of the water peaks and other artifact peaks were removed via those filter functions. FELIX volume integration and optimization with the Lorentzian lineshape algorithm were used to obtain cross peak intensities. We also manually picked some very weak peaks at lower contour levels than the level used for automated peak picking. We picked isolated, well-defined peaks down to a contour level that corresponds to cross peak intensities of 0.001 of our strongest peak. We selected 73 such isolated peaks with line shapes similar to other NOESY cross peaks. An in-house FORTRAN program was used to collect symmetric cross peak pairs and calculate the average peak volumes. This program generates an output peak file with the chemical shift data in a format suitable for the NOAH program input file.
Initial Peak Assignments
As the sequence specific assignment identified some NOE cross peaks, these were used as input in the NOAH/DIAMOD calculation (case 1 calculation). This calculation started from an input peak list file with 613 NOE cross peak intensities, of which 157 peaks (79 inter-and 78 intraresidue) were manually assigned. Six cross peaks were long-range NOESY peaks connecting the two antiparallel ␤-strands. As a test we treated the 157 manually assigned peaks as not assigned in a case 2 calculation. The input proton list of 204 chemical shifts for this study is listed in Table 1 . Pseudo-atoms were used when the chemical shifts of protons were not stereospecifically assigned (31) . Although crambin has only 46 residues, 15 proton chemical shifts (C ␣ Hs and C ␤ Hs) were missing.
NOAH can also directly read the coupling constants and translates them as angular constraints. Angular constraints from J coupling constants were used, along with three pairs of disulfide bridge constraints. There were 33 angle constraints and 7 1 angle constraints. The cutoffs for angles are Ϫ90°Յ Ն Ϫ40°if J HN␣ Ͻ 5.5 Hz; Ϫ160°Յ Ն Ϫ80°if 8.0 Hz Ͻ J HN␣ Ͻ 10 Hz; and Ϫ140°Յ Ն Ϫ100°if J HN␣ Ͼ 10 Hz. Table 2 lists the NOAH parameters used (for a detailed explanation of these parameters and NOAH/DIAMOD flow charts, see reference (9)). The following input data were used by NOAH/DIAMOD (9) Manual assignments, while not essential if the primary data set is complete, facilitate the assignment of automatically generated NOESY peaks. For each NOE peak, an integrated inten-sity and two chemical shifts are needed to generate distance constraints.
NOAH/DIAMOD Assignments and Structure Calculations
Cross peak intensities were converted to upper distance constraints by the equation I ϭ Ar Ϫ6 (9). An upper distance limit of 2.2 Å was assigned to the strongest NOESY cross peak intensity (range 1.8 -2.2 Å) to determine the constant A. The rest of upper distance limits were then calculated by the inverse sixth power law. The van der Waals distance was used as the lower distance limit. We modified the NOAH/DIAMOD peak weighting in this study to take account of the incomplete chemical shift data (9) . Originally, distance constraints for a cross peak assigned unambiguously according to the NOAH criteria were weighted equally with manually assigned NOE peaks during the DIAMOD structure calculation, while ambig- uous distance constraints received one-fifth weighting. Here, the weighting ratio of manual, unambiguous, and ambiguous was 9:5:1. This modification improved the convergence of the bundle structures calculated by DIAMOD significantly. The weighting for angular constraints was the same as that for manually assigned NOE distance constraints. At cycle 0, the NOAH program converts manually assigned peaks to upper distance constraints which are kept fixed and highly weighted in all cycles. NOAH then searches for possible assignments of every unassigned peak within the chemical shift tolerances in both dimensions. If the number of possible assignments is less than a user-defined threshold (N pa ), these peaks are selected, and all possible assignments of these peaks are converted to low-weighted, upper distance constraints and referred to as test assignments (9). These test assignments are then promoted to unambiguous or ambiguous assignments, or retained as test assignments or unassigned peaks, depending on the consistency of the distance constraints with the calculated bundle structures at the next cycle. For each cycle 40 structures are calculated by DIAMOD starting from random structures. The 10 best structures are fed back to NOAH and analyzed to improve the assignments. To achieve convergence we had to increase the number of NOAH/DIAMOD cycles from 25 to 60 (ϳ60 CRAY J90 hours) with this experimental data set. The number of iterations in each cycle during the minimization of the target function was also increased (32) . Floating assignments were used for diastereotopic methylene protons.
RESULTS
Convergence Similarity with (Case 1) and without (Case 2) Manual Assignments
We tested the NOAH/DIAMOD method with two different input data sets to determine its ability to accurately and automatically calculate structures from spectral data. The peak list for case 1 included 157 manual assignments which were kept fixed during the calculation. The number of peaks assigned by NOAH as a function of NOAH/DIAMOD cycles (Fig. 1a) reaches a plateau between 50 and 60 cycles. After 60 iterative cycles, NOAH assigned 269 NOESY peaks unambiguously and 59 peaks ambiguously in addition to the 157 manual assignments. The RMSDs of the 10 best structures to their Note: Cycle: NOAH/DIAMOD iteration cycles; L 1 , L 2 are used by NOAH for structure based peak assignment. If an assigned distance constraint violates less than L 1 % of the bundle structures, then the assignment is treated as correct assignment. If the assignment violates more than L 2 % of the structures, the assignment is discarded. The number of structures in the bundle is 10 in this study; N pa is the upper limit for possible assignments of each peak; ⌬ tol chemical shift tolerance; d tol distance tolerance; and W's are weights for assigned distance constraints in DIAMOD structure calculation.
a At cycle 5, 10, 15, 20, 25, 30, only unambiguous and ambiguous distance constraints were applied to structure calculation.
mean structure are, respectively, 1.12 Å (global backbone), 0.67 Å (residue 2-18), 0.58 Å (residue 26 -40), and 0.84 Å (residues 2-18 and 26 -40) before energy minimization. We also tested the method's ability to work in a completely automated fashion using only the peaks picked by the FELIX procedure without any manual assignments (case 2, Fig. 1b) . NOAH automatically determined most of these manual assignments of case 1 during the calculation in case 2. After 60 NOAH/DIAMOD iterations using the same parameter set used for case 1, 410 peaks were assigned unambiguously and 85 ambiguously. The RMSDs of the 10 best structures to their mean structure are, respectively, 1.42 Å (global backbone), 0.77 Å (residue 2-18), 0.81 Å (residue 26 -40), and 1.0 Å (residues 2-18 and 26 -40) before energy minimization.
The spread of the two bundles of 10 best structures, as measured by the distance root-mean-square deviations (DRMSD), is higher in case 2 at the initial cycles, as expected, but reaches similar levels at the end of the calculation (Fig. 2a) . The 3D structures are also similar in both cases. The heavy atom RMSDs of the mean structures from case 1 and 2 are 1.68 Å for backbone, 1.63 Å from residue 2 to 18, 0.61 Å from residue 26 to 40, and 1.31 Å for the nonloop regions. This shows that NOAH/DIAMOD could also make successful automated assignments and structure calculations without manual assignments. Figure 2b shows the convergence of the mean structures at intermediate stages of the NOAH/DIAMOD calculation toward the mean structure of the final cycle in case 1. At the first three cycles (panels A, B, and C), the secondary structures are not yet completely formed, and the deviation of the global fold from the final structure with an RMSD value of about 5 Å is relatively high. However, already at around cycle 30 the mean structure is very similar to the mean structure at the final cycles with RMSD values of about 1.5 Å. This observation suggests that using the mean structure of intermediate stages as a filter for identifying correct NOESY cross peak assignments might speed up our procedure.
At cycle 0 (which started with random structures), NOAH unambiguously assigned 23 NOESY peaks with a tolerance of 0.03 ppm based on chemical shifts alone for case 1 and 33 unambiguous assignments for case 2. The latter assignments included all 23 assigned peaks of case 1 plus 9 of the manual assignments and 1 peak which was unambiguously assigned in later cycles in case 1. These unambiguous assignments are not sufficient to define the global fold of crambin, but convergence is achieved at early stages if ambiguous and test assignments are included.
Excluding test assignments from every fifth cycle (9) (at cycle 5, 10, 15, 20, 25, 30) improved the number of unambiguous assignments and the bundle's DRMSD. When test assignments were not periodically excluded, only 90 peaks were assigned unambiguously at cycle 10, and 242 by cycle 60. Although the bundle of structures all had similar DRMSD (1.19 Å vs 1.17 Å if test assignments were included in all cycles), the first ␣-helix was distorted in the calculation that includes test assignments at all cycles. Table 3 lists a few of the 59 ambiguously assigned peaks from case 1 with their possible assignments suggested by NOAH at the end of calculation. These 59 ambiguously assigned peaks can in practice be further examined by the experimentalist. NOAH assigned 69.5% ((157 ϩ 269)/613) unambiguously; 80% of the peaks were assigned if the ambiguous peaks are included. Of the unassigned peaks, many resulted from our deliberate inclusion of 73 very weak manually picked peaks. Many of these peaks were located in the water peak region or along the diagonal and have intensities 1000 times smaller than the strongest cross peak. A large fraction of these peaks are probably noise.
Reliability of the NOAH Assignments
The reliability distance (RD), meaning the distance a residue must be moved to fulfill an alternate assignment (9), was computed for each peak (Table 4) . A large RD value is a strong indication that the assignment is correct. Despite the lack of chemical shift data and the low number of manual assignments, fewer than 30% of the assignments had an RD Ͻ 1 Å. At the moment we have no indices to evaluate the reliability of these peaks quantitatively. From previous experience with simulated data sets approximately half of these assignments are correct.
In case 2, the NOAH/DIAMOD procedure unambiguously and correctly found 127 out of the 157 manual assignments. For another 24 cross peaks (15%), the manual assignment was found as one of several possibilities. For the remaining six cross peaks, the assignments of pairs was reversed within the Note: Peaks with assignments that violated less than L 2 (Յ40%) (at the end of NOAH/DIAMOD iterations. Total number of such ambiguous assignments are 59. For definition of P vio see (11) ; d is distance constraint (the upper limit) for the given assignment. For instance, peak 602 has two possible assignments. The assignment 16CH␣-26CH␤2 violates the distance limit (b ij ϩ d tol ; see text for their definitions) in one structure out of 10 (10%). The assignment 25IH␣-26CH␤2 violates the distance limit in 3 out of 10. This type of assignment should be analyzed carefully by users to make final decision. Such types of constraints usually make a very small contribution to the structure calculation. a Reliability Distance Distribution (RD) of 426 unambiguous assignments at the end of NOAH/DIAMOD iterations in case 1 calculation. A high RD for an assignment is a strong indication that it is correct. 69% of NOE peaks were unambiguously assigned and 269 peaks were assigned by NOAH. The distribution of RD in this case is similar to the theoretical RD distribution in the simulation study (11) . chemical shift tolerance. For example, the proton pair assignments for peaks 91 and 92 with similar volumes, Ser11C ␣ H (4.07 ppm)-Asn12HN (8.57 ppm) and 11C ␤ H (4.08 ppm)-12HN (8.57 ppm), were reversed by NOAH/DIAMOD as compared to the manual assignment. This difference does not strongly influence the list of distance constraints or the final structures.
The Effect of Different Parameter Settings on NOAH/DIAMOD Calculations
We made four test runs with the number of possible assignments N pa ϭ 1, 2, 3, and 4, respectively, for the first 40 cycles, and gradually increasing N pa to 4 in the final cycle. The parameter setting N pa ϭ 1 and 2 in the early cycles gave best results. At N pa ϭ 1, NOAH made 271 unambiguous assignments, at N pa ϭ 2, 269, while only 256 peaks were assigned unambiguously for N pa ϭ 3 and 4. At N pa ϭ 4, the structure bundle had a high DRMSD of 1.9 Å at the end of the 60 cycles.
Calculations with different chemical shift tolerances at N pa ϭ 2 showed that a shift tolerance of 0.02-0.03 ppm was optimal. No convergence was achieved at 0.01 ppm, where only 175 unambiguous assignments were made after 60 cycles (DRMSD ϳ 2.0 Å), and only 212 unambiguous assignments were made at 0.04 ppm.
Energy Minimization with FANTOM
As in other NMR structure determinations with distance geometry methods, the final structures were energy refined (33) using our FANTOM program (34, 35) to determine low-energy conformers. In these restrained energy minimizations we use the distance constraints with a relatively high weight assuming that they are correct. We therefore only used the 426 unambiguous assignments as distance constraints. The average RMSD of the bundle to their mean is larger after the energy minimization because of the smaller number of constraints (it increased from 1.12 to 1.45 Å). FANTOM effectively removed any large violations of the Lennard-Jones, dihedral, torsional, and disulfide bridge energy terms in the initial structures and reduced the total energies from above 500 kcal/mol to ϳϪ150 kcal/mol while only slightly increasing the NOE distance constraint violations (Figs. 3a and 3b) . Superposition of the initial mean structures and the 10 final structures after the energy minimization shows that the unambiguously assigned NOE peaks were consistent in both NOAH/DIAMOD and FANTOM calculations (Fig. 4) .
Identification of Missing Chemical Shifts
In previous studies, NOAH was able to work from a relatively complete chemical shift list. In this case, as is usual in practice, the chemical shifts for many protons were missing. Some of these shifts can be found during the NOAH/DIAMOD calculation. For example, we could identify the missing chemical shift of the C ␣ H proton of residue Ser11 from our initial NOAH/DIAMOD calculation. Including this chemical shift in the chemical shift list significantly improved the quality of the assignments. Two NOESY peaks at (8.56, 4.07) and (8.40, 4.07) ppm were initially assigned to proton pairs Asn12HN-Ser22C ␣ H and Ser11HN-Ser22C ␣ H by NOAH (Fig. 5) . As the two peaks were strong, these distance constraints forced residue 22 to fold back to the first ␣ helix, locally strongly distorting the structures. The TOCSY spectrum in this region showed an intraresidue cross peak 11HN-11C ␣ H at (8.41, 4.07) which overlapped within the tolerance range with one of the two NOESY cross peaks. When the C ␣ H proton of Ser11 was added to the proton list (note that the C ␣ H chemical shifts of Ser11 and Ser22 are the same), without making any manual assignments, the two peaks were automatically reassigned to the pairs 11HN-11C ␣ H and 11C ␣ H-12HN. Similar analysis yielded the chemical shifts of C ␣ H (Tyr29) and C ␣ H (Tyr44). These additional proton shifts greatly improved the structure calculation.
Comparing the NMR Structures of Crambin(S22/I25) and Crambin(P22/L25)
In the manual determination of the NMR structure of crambin(P22/L25) (26) , 543 NOE constraints (248 intraresidue, 129 sequential, 75 medium-range, and 91 long-range constraints) were used during the structure refinements. We used 581 distance constraints for crambin(S22/I25) (426 unambiguous, 59 ambiguous, and 96 test assignments; 289 are intraresidue, 130 sequential, 72 medium range (1 Ͻ R ij Ͻ 6), and 90 long-range distance constraints). The number of unambiguous assignments (with unique distance constraints) in our crambin(S22/I25) structure determination is less than in the previous study (26) . However, some of the NOESY cross peaks (159) were only included as qualitative distance constraints in that study, because of difficulties in the interpretation of the build-up curve. We had 41 more intraresidue assignments, but most of these were redundant or had no structural information. On the other hand, we could only set lower and upper limits for 7 1 angles and 29 angles, compared to 17 1 angle and 31 angle limits for crambin(P22/L25). Figure 6a and 6b show the distributions of unambiguous NOE constraints and the relative RMSD of individual residues to their mean in our study. The largest RMSD to their mean is in the segment from residue 19 to 24 (Fig. 6a) where few constraints (Fig. 6b) could be identified by NOAH. There was only one constraint for Pro19, which has the highest RMSD to the mean structure, because only two chemical shifts (C ␦ Hs) were found ( Table 1) . The C ␣ H chemical shift of residue Asn14 is missing; the highest RMSD is in the first ␣ helix. Consistent with previous results (26) , high RMSDs among the bundle structures are the result of the low number of constraints. The RMSD of our structure bundle is larger than that for the crambin isoform in the reference, probably due to this lack of chemical shift data.
The superposition of our mean structure to the isoform NMR mean structure is shown in Fig. 7 . The largest difference is from residue 19 to 28, where the two isoform residues are involved at positions 22 and 25 (Fig. 7) . As in the NMR structures of crambin(P22/L25), the 10 NOAH/DIAMOD structures vary greatly in this segment.
Differences in this segment between the two structure bundles could be due to two causes. (1) There may be real differences of the residues at position 22 and 25, as there are large fluctuations among the two sets of structures at this regions. (2) As crambin(P22/L25) forms three COOHN hydrogen bonds at T21-Q23, P22-L25, and P22-C26, while we found two hydrogen bonds are formed at Q23-I25 and A24-C26 in crambin(S22/I25), the latter may be more flexible than its isoform because of the Pro-Ser exchange at position 22.
Comparing the NMR and Crystal Structures of Crambin(S22/I25)
As mentioned in the introduction, the X-ray structure of crambin(S22/I25) was determined after completion of this work (29) . While our NMR structure was determined at room temperature, the crystal structure was done at low T (150 K). The RMSD between our NMR and the X-ray structures of isoform S22/I25 shows some differences. The backbone RMSD between X-ray and NMR structures is 2.19 Å for the whole molecule, 1.2 Å for nonloop regions (2-18 and 26 -40) , and the largest (2.8 Å) at loop regions (19 -25, 41-46) . In contrast, the RMSDs among two isoforms and mixture form in crystal are very small (0.056 Å). The larger RMSDs between 
DISCUSSION
This study demonstrates that the NOAH/DIAMOD/FANTOM suite can be used to generate structures automatically from previously uninterpreted, real NOE data with little manual interference. Although the overall quality of the structure bundle was better when a few manual assignments were used, the convergence was similar without them and 127 of the 157 manual assignments were made by NOAH/DIAMOD in case 2. Besides the 127 unique assignments that were rediscovered in case 2, 18 of the manually assigned peaks in case 1 were also assigned ambiguously (each peak has two or more assignments) in case 2, which includes the manual assignments. Only 12 manually assigned peaks in case 1 were assigned differently in case 2. However, by carefully checking the peak lists we found that although the same proton pair was assigned to two different peaks in case 1 and case 2, the two peaks are almost identical in peak intensities and chemical shifts at both D1 and D2 dimensions. These are either duplicated peaks or overlapped peaks picked by the FELIX program's automated peak picking routines. For instance, peak 124 was manually assigned to proton-pair 26H ␣ -26HN in case 1, but peak 124 was not assigned in case 2; instead, peak 123 was assigned to 26H ␣ -26HN. On the other hand, the two peaks are almost identical, i.e., peak 123 has chemical shifts of (4.665 ppm, 8.332 ppm) and peak 124 has chemical shifts of (4.674 ppm, 8.336 ppm). The intensities of peaks 123 and 124 are 1.07 ϫ 10 7 and 1.06 ϫ 10 7 , respectively. As the chemical shift tolerance of the assignment was set to 0.02 ppm in both dimensions, the assignment made in case 2 by NOAH is the same as manually assigned in case 1.
Overall, NOAH/DIAMOD unambiguously rediscovered 139 manual assignments out of 157 in case 2. The rest of these manual assignments were found as one possible assignment in ambiguously assigned cross peaks. The structures calculated in the two cases are also quite similar, as the backbone RMSDs of mean structures from case 1 and 2 differ by only 1.3 Å at nonloop regions.
Ambiguous and test assignments, while necessary in the early stages of an automatic assignment method, can interfere with the convergence of the procedure and have to be carefully selected. The number of NOE peak assignments and the structure quality can be improved if initially only test assignments of low ambiguity are included, e.g., by choosing N pa ϭ 2 in the initial cycles. Peaks with higher ambiguity can be tested at later stages in the iterative calculations, as an overwhelming effect on the structure bundle of a wrong constraint is less likely.
The procedure was also fairly robust, as 73 cross peaks with low intensity comparable to typical noise peaks (selected with manual peak picking and visual examinations of the NOESY spectrum at much deeper contour level) were not assigned or assigned ambiguously by NOAH.
We are now working on a new version of the NOAH program to include statistical proton chemical shift data for different types of residues in all NMR structures. This data may be used in NOAH/DIAMOD calculations when no chemical shift data is available (7) . Manual inspection of the final structures can greatly aid in further structure refinement. Adding additional unambiguous manual distance constraints to those derived by NOAH as input for FANTOM will definitely improve the precision of our bundle structures after energy minimization. Further refinement of the structures can be expected from relaxation matrix refinement methods.
CONCLUSIONS
The NOAH/DIAMOD/FANTOM suite can automatically calculate 3D protein structures with information routinely obtained from homonuclear NMR spectra for small and medium proteins. Our experience with this experimental data set for crambin can be summarized as follows:
Inclusion of 3-4 manual assignments per residue as in this study, while not necessary for obtaining convergence with the NOAH/DIAMOD suite, improves the quality of the structure bundle. The chemical shift tolerance for NOAH assignment should be within the range of 0.02-0.03 ppm. Peaks with a large number of possible assignments (i.e., with N pa Ͼ 2) should not be included in initial NOAH/DIAMOD iterations. A nearly complete list of proton chemical shifts can significantly improve the reliability of the automated assignment and structural calculation.
